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Neutron and X-ray scattering experiments have
provided mounting evidence for spin and charge
ordering phenomena in underdoped cuprates.
These range from early work on stripe corre-
lations in Nd-LSCO to the latest discovery of
charge-density-waves in YBCO. Both phenom-
ena are characterized by a pronounced depen-
dence on doping, temperature, and an exter-
nally applied magnetic field. Here we show that
these electron-lattice instabilities exhibit also a
previously unrecognized bulk-surface dichotomy.
Surface-sensitive electronic and structural probes
uncover a temperature-dependent evolution of
the CuO2 plane band dispersion and apparent
Fermi pockets in underdoped Bi2201, which is
directly associated with an hitherto-undetected
strong temperature dependence of the incommen-
surate superstructure periodicity below 130 K.
In stark contrast, the structural modulation re-
vealed by bulk-sensitive probes is temperature
independent. These findings point to a surface-
enhanced incipient charge-density-wave instabil-
ity, driven by Fermi surface nesting. This dis-
covery is of critical importance in the interpreta-
tion of single-particle spectroscopy data and es-
tablishes the surface of cuprates and other com-
plex oxides as a rich playground for the study of
electronically soft phases.
The underdoped cuprates, with their pseudogap phe-
nomenology [1–3] and marked departure from Fermi liq-
uid behavior [4], have led to proposals of a wide variety
of possible phases ranging from conventional charge and
magnetic order to nematic and unconventional density
wave instabilities [5–27]. Despite the extensive theoret-
ical and experimental effort, the generic phase behavior
of the underdoped cuprates is still a matter of heated de-
bate, primarily because of the lack of an order parameter
that could be universally associated with the underdoped
regime of the high-Tc cuprates (HTSCs). For instance,
early on evidence was obtained for long-range spin and
charge order in the form of uniaxial stripes [6]. This phe-
nomenology has been detected in compounds belonging
to the La2−x−y(Sr,Ba)x(Nd,Eu)yCuO4 family [6, 28–30],
namely Eu-LSCO, Nd-LSCO, LBCO, and recently also
pristine LSCO (where stripe order appears as a near-
surface effect [31]), and it is historically associated with
the family-specific reduction of superconducting Tc near
12% doping, the so-called ‘1/8-anomaly’.
More recently, high-field quantum oscillations [17],
Hall resistance [32] and thermoelectric transport [33] re-
sults on underdoped YBa2Cu3O6+x (YBCO) were inter-
preted as a signature of a magnetic-field induced recon-
struction of the normal-state Fermi surface, suggesting
that stripe order and/or a charge-density-wave (CDW)
phase might be more general features of HTSCs’ un-
derdoped regime. Interest in this direction has been
burgeoning with the latest nuclear-magnetic resonance
(NMR) [34], resonant X-ray scattering (REXS) and X-
ray diffraction (XRD) results [35–37], providing direct ev-
idence for a long-range incommensurate CDW in YBCO
around 10-12% hole doping, which further shows a sup-
pression for T <Tc and an enhancement with increasing
magnetic field. Although this phenomenon bears some
differences with respect to charge stripes, a common in-
triguing aspect is that they both are electronically-driven
forms of ordering and appear to compete with supercon-
ductivity.
If a CDW phase in underdoped cuprates is universal, it
should be observable in compounds with similar doping
levels regardless of their structural details. In addition, it
is of fundamental importance to connect structural obser-
vations (XRD, REXS) to those of electronic probes, such
as angle-resolved photoemission (ARPES) and scanning
tunnelling (STM) spectroscopy. However, for YBCO this
might be prevented altogether by the polar instability
and self-doping of the (001) surface; in fact, ARPES stud-
ies have not yet directly detected a folding of the elec-
tronic band structure [4, 38] carrying the signature of a
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2FIG. 1: Temperature dependence of the nodal electronic structure of UD15K Bi2201. (a,b) Sketch of one quadrant
of the tetragonal Brillouin zone for T = 100 and 10 K, respectively; indicated are the expected Fermi surfaces belonging to
the main band (M) and its replicas due to different Q1 and Q2 superstructure vector combinations (solid lines), as well as all
the corresponding backfolded features due to the orthorhombicity of the crystal (dashed lines, so-called ‘shadow-bands’). The
nodal strip in (a,b) highlights the region measured by ARPES with various photon energies and temperatures in (c,e,f), and
the six bands detected for this experimental geometry and polarization (the photon polarization is set in the plane of detection
to suppress all but the main band and its replicas). Momentum distribution curves (MDCs) at EF for 10 and 100 K are directly
compared in (d). Also note that in (c-f), as throughout the paper, momentum axes are expressed in units of 2pi/a∗ and 2pi/b∗,
where a∗'b∗'√2×3.86A˚ refer to the orthorhombic unit cell of Bi2201 (3.86A˚ is the in-plane Cu-O-Cu distance).
symmetry-broken CDW state as otherwise seen in either
quantum oscillation [17] or X-ray diffraction experiments
[35–37]. To broaden the search and attempt this connec-
tion, the most interesting family is the one of Bi-cuprates
which, owing to their extreme two-dimensionality and
natural cleavage planes, have been extensively studied by
single-particle spectroscopies [39, 40]. ARPES and STM
have provided rich insight into the electronic properties of
the CuO2 plane, including signatures of broken symme-
tries [10, 13, 14, 16, 24, 26, 27, 41] and hints of a ‘pseudo-
gap phase-transition’ [26], although the identification of
a bona fide order parameter has remained elusive. More
specifically in regards to a potentially underlying CDW
instability, pristine Bi-cuprates have been shown to ex-
hibit multiple superstructures, and while some of these
modulations originate from the structural mismatch be-
tween BiO and CuO2 lattice planes and hence are non-
electronic in origin [39, 42–45], others have been recog-
nized by STM to evolve strongly with doping and mag-
netic field [11, 12, 20, 25]; however, their relationship to
the ‘structural’ superstructures and the Fermi surface has
remained unclear. Our experimental results will provide
new and surprising insight in this direction.
Here we study the structural and electronic properties
of Bi2Sr2−xLaxCuO6+δ (Bi2201), whose crystal structure
exhibits a stacking of well-spaced, single CuO2 layers in
the unit cell and a highly-ordered superstructure [45],
by means of surface-sensitive photoemission spectroscopy
(ARPES) and low-energy electron diffraction (LEED)
probes, as well as bulk-sensitive resonant (REXS) and
non-resonant (XRD) X-ray diffraction. We focus on the
temperature dependence of the electronic structure from
under (p ' 0.12, Tc = 15 K, UD15K) to nearly optimal
doping (p'0.16, Tc=30 K, OP30K). We discover a tem-
perature dependent evolution of the CuO2 plane band
dispersion and apparent Fermi surface pockets, which is
directly associated with the evolution of the incommen-
surate superstructure. Surprisingly, this effect is limited
to the surface (ARPES-LEED), with no corresponding
temperature evolution in the bulk (XRD-REXS). The
quasilinear, continuous variation of the surface modula-
tion wavelength 2pi/Q2 from ∼66 to 43A˚, below a char-
acteristic TQ2 ' 130 K, provides evidence for a surface-
enhanced CDW instability, driven by the interplay of
nodal and antinodal Fermi surface nesting.
RESULTS
Orthorhombic and modulated structure of the Bi-
cuprates. An important aspect to consider for the study
of Bi-cuprates is that these materials are not structurally
3FIG. 2: Temperature dependence of the superstructure modulations of UD15K Bi2201. (a) Typical LEED pattern
measured at T = 6 K. The rectangular box in (a) highlights the region shown in detail for T = 150 and 6 K in (b) and (c),
respectively. In (b,c) symbols represent the data from a vertical cut along the center of the box in (a), while blue and red curves
are a Voigt fit of the Q1 and Q2 superstructure peaks. (d) Magnitude of the Q1 and Q2 superstructure vectors in A˚
−1 versus
temperature, as inferred from LEED and ARPES-MDC analysis at 21 eV photon energy (and in agreement with ARPES from
7 to 41 eV, see e.g. Fig. 1). The yellow and red/blue boxes indicate the temperature integration window of each data point,
for ARPES (5 K) and LEED (3 K), respectively, and the error bars show the goodness of fit for the Voigt profiles determined
from a Chi-squared test. Note that, for the almost temperature independent Q1, half of the actual value is plotted for a more
direct comparison with Q2 and only the LEED data are shown (the ARPES data are equivalent and thus omitted).
tetragonal, but instead orthorhombic, with 2 inequivalent
Cu atoms per CuO2 plane [39, 42–45]. This leads to a
45◦ degree rotated and
√
2×√2×1 larger unit cell, as
compared to the tetragonal one, with lattice parameters
a∗ ∼= b∗ ∼=
√
2×3.86A˚, where 3.86A˚ is the planar Cu-O-
Cu distance (c∼= 24.9A˚ for both structures). Note that
throughout the paper we refer to the orthorhombic unit
cell, with momentum axes expressed using the recipro-
cal lattice units (r.l.u.) 2pi/a∗, 2pi/b∗ and 2pi/c. The
orthorhombicity and consequent band backfolding have
been shown to be responsible for the observation of the
so-called “shadow bands” [44], a replica of the hole-like
CuO2 Fermi surface centered at the Γ point, thus settling
a longstanding debate on their possible antiferromagnetic
origin [46]. In addition, the presence of incommensurate
superstructure modulations, arising from a slight lattice
mismatch between the BiO layers and the CuO2 per-
ovskite blocks [47], further adds to the complexity of
the Fermi surface. As for single-layer Bi2201 specifically,
while a single Q1 superstructure vector is known to give
rise to additional folded replicas along the orthorhombic
b∗ axis at optimal doping (OP) [39], two distinct struc-
tural modulations with Q1 and Q2 wavevectors arise with
underdoping (UD). If these complications are not fully
taken into account in analyzing ARPES data, the result-
ing highly complex Fermi surface appears to be composed
of a small set of closed pockets [45].
Probing the surface with ARPES and LEED.
We begin with the discussion of the UD15K Bi2201
ARPES data from along the nodal direction presented
in Fig. 1. As demonstrated in previous work [45], and
here sketched in Fig. 1(a,b) for a simpler identification
of the various bands, the high crystallinity of these sam-
ples allows resolving the Fermi surface of Bi-cuprates to
an unprecedented level of detail: the main (M) CuO2-
plane band (black solid line), its Q1 and Q2 superstruc-
ture replicas stemming from the BiO-layer-induced in-
commensurate superstructure (red and blue solid lines),
and all the corresponding backfolded bands due to the
orthorhombicity of the crystal (dashed lines). Further-
more, as shown in Fig. 1(c) for UD15K at T =100 K, and
emphasized in the highlighted nodal strip in Fig. 1(a),
by taking advantage of the polarization-dependent selec-
tion rules [45] one can selectively suppress the redundant
backfolded bands to highlight more cleanly the behavior
of main (M) and Q1-Q2 bands. The ability to simul-
taneously detect all superstructure replicas allows us to
uncover – in the temperature dependence – a new and
unprecedented aspect of the data: while the position of
the main CuO2 band is completely temperature indepen-
dent, between 100 and 10 K there is a significant shift
in momentum of only (and all) the Q2-related bands
[see Fig. 1(e) and (f), and Fig. 1(d) for the direct com-
parison between 10-100 K momentum distribution curves
(MDCs) at EF]. This is summarized in the 10 K Fermi
surface sketch of Fig. 1(b), which illustrates that a critical
consequence of this effect is a seeming volume change of
all ostensible Fermi surface pockets defined by the var-
ious backfolded bands, despite the fact that the actual
4FIG. 3: X-ray measurements of the superstructure modulations in UD15K Bi2201. (a) 3D view of the basal planar
sections of XRD maps at Eph ∼ 17 keV (only positive axes are shown). (b) H∗= 1, 2 slices, showing the appearance of period-8
diffraction rods, while no similar features are found for H∗= 0 [see bottom plane in panel (a)], thus explaining the lack of
period-8 features in soft X-ray REXS. (c) Enlarged view of corresponding region of interest in (b) for the H∗= 2 slice. (d)
Schematic cartoon explaining the multiple features that are visible in (c): blue circles correspond to Bragg peaks for integer
K∗ and L orders; black crosses are the 1/4-order Q1 peaks; red ellipses are the 1/8-order Q2 peaks. (e) REXS map acquired
at the Cu-K edge (Eph ∼ 8.9 keV) at 6 K, representing a K∗-L plane at H∗= 1. (f) Same as (e), but acquired at 120 K.
number of carriers is not changing at all.
The ARPES results are complemented by a detailed
analysis of the superstructure diffraction vectors from
LEED. On UD15K at 6 K, rather than individual Bragg
peaks [Fig. 2(a)], the experiment gives lines of Q1 and Q2
fractional spots along the orthorhombic b∗ axis. From
the fit of the LEED data [Fig. 2(c)], we obtain for the
magnitude of the superstructure wavevectors the values
Q6K1 = 0.285± 0.015A˚
−1
and Q6K2 = 0.142± 0.015A˚
−1
,
corresponding to ∼ 1/4 and 1/8 in r.l.u., respectively.
Also LEED, on this highly-resolved superstructure, re-
veals a remarkable temperature dependence [Fig. 2(b,c)].
Consistent between LEED and ARPES-MDC analysis
[Fig. 2(d)], while Q1 is virtually temperature indepen-
dent from 5 to 300 K, Q2 increases with respect to
its high-temperature value Q300K2 = 0.095± 0.015A˚
−1
(∼ 1/12 in r.l.u.) below a TQ2 ' 130 K. The evolution of
Q2 – as seen by both electronic and structural probes
– implies an inter-unit-cell structural and/or electronic
modulation, with a wavelength 2pi/Q2 evolving from 66
to 44 A˚ (i.e. from 12 to 8 × b∗) upon cooling from 130
down to 5 K.
Bulk-sensitivity with XRD and REXS. The surface
sensitivity of ARPES and LEED calls for an investiga-
tion of the same phenomenology by means of light scat-
tering techniques, which are known to probe materials
deeper in the bulk. In the following discussion, we will
refer to reciprocal space coordinates as H∗, K∗, L (rep-
resenting the reciprocal axes of respectively a∗, b∗, c),
and reciprocal lattice units will be used. At all photon
energies it is possible to clearly identify the supermod-
ulation associated with Q1. In particular, REXS maps
taken on UD15K Bi2201 at the Cu, La, and O soft X-ray
edges all exhibit a clear enhancement at this wavevector
(see Supplementary Note 1 for details). This confirms
that the corresponding modulation is present throughout
the unit cell, and therefore also in the CuO2 plane, ex-
plaining the strong folded replicas observed in ARPES.
However, modulations with longer periods are not de-
tected. These can be probed by XRD maps measured
at 17 keV photon energy, thus revealing a much larger
portion of reciprocal space, as shown in Fig. 3(a-c) for
T =300 K. The H∗-K∗ section in Fig. 3(a), which can be
compared to the LEED map in Fig. 2(a), also features
a multitude of superstructure satellite peaks along K∗
(the Bragg peaks being the most intense ones). Fig. 3(b)
displays the K∗-L sections for H∗ = 1, 2, which reveal
the presence of new features exhibiting a peculiar elon-
gation along L and period-8 modulation along K∗ with
positions given by K∗ = (2n + 1)/8. The latter are
therefore incompatible with the near period-4 modula-
tion associated with Q1 or any of its harmonics (also
note that no similar features are found for H∗ = 0, thus
explaining the lack of period-8 rods in soft X-ray REXS,
which due to kinematic constraints can only probe a re-
duced portion of reciprocal space). Different orders of
this period-8 modulation can be seen when zooming in
to the H∗ = 2 slice in Fig. 3(c), with their assignment
given more schematically in Fig. 3(d). These are located
at positions Qij2 =nG±iQ1±jQ2, where G is a recipro-
cal lattice vector, Q1 = 1/4 uˆK∗ , and Q2 = 1/8 uˆK∗ (cor-
responding to the ARPES and LEED low-temperature
Q6K2 value). Notably, the same features can be seen in
resonant scattering at Cu and Bi deeper edges (i.e., in the
hard X-ray regime). Fig. 3(e,f) show corresponding K∗-L
sections (H∗ = 1), taken at the Cu-K edge at low (6 K)
5and high (120 K) temperature, respectively. Additional
data for the Bi-L3 edge and the temperature-dependent
XRD maps are shown in Supplementary Note 1.
The intensity of the Qij2 rods is approximately 1 order
of magnitude smaller than the most intense Q1 peak,
within the same K∗-L sections. Considering the large
probing depth of hard X-rays, this intensity ratio is too
large to identify these as crystal truncation rods, or as-
cribe them to surface modulations. These period-8 spots
therefore originate from an additional supermodulation
which must be present in the bulk of the material, and
characterized by poor c-axis coherence, as the elongated
structure suggests. On the other hand, these features ex-
hibit long-range order in the a∗-b∗ plane, as evidenced
by their well-defined shape in H∗-K∗ sections, with cor-
relation lengths ξ > 100× b∗.
To summarize the findings from XRD and REXS on
UD15K, no significant temperature dependence is ob-
served between 300 and 6 K in all scans, neither in the
peak positions nor in the relative intensities. Altogether,
these results suggest a scenario involving the presence of
an additional bulk supermodulation with a well-defined
periodicity along b∗ (∼ 8 lattice periods), stable over a
broad range of temperatures, and characterized by large
correlation lengths within the (001) planes but poor co-
herence perpendicular to them.
DISCUSSION
The combination of surface (ARPES, LEED) and bulk
(XRD, REXS) sensitive probes has enabled us to es-
tablish that Q1 and Q2 superstructure modulations are
present both in the bulk and at the surface of under-
doped Bi2201, close to 1/8 doping (UD15K). In addi-
tion, we have uncovered an unprecedented bulk-surface
dichotomy in the temperature dependence of the su-
perstructure modulations and corresponding electronic
structure. While no dependence is observed for the Q1
and Q2 superstructure in the bulk and also for Q1 at the
surface, we detected a pronounced temperature evolution
associated with the surface Qsurf2 . As for the doping de-
pendence of this phenomenon, while the Q1 modulation
survives all the way to optimal doping (Q1 ' 0.280 and
0.273A˚
−1
for UD23K and OP30K, respectively), the Q2
modulation is substantially weakened and temperature
independent for UD23K (p= 0.14, Q2 ' 0.135A˚−1), and
can no longer be detected in either LEED or ARPES
on OP30K (p > 0.16). This is discussed in the Supple-
mentary Note 1 based on the doping and temperature
dependent LEED, ARPES, and X-ray data.
The dependence of the Q1/Q
surf
2 ratio versus temper-
ature for UD15K is summarized in Fig. 4(a) and allows
some important phenomenological observations: (i) the
temperature dependence of Qsurf2 below TQ2 shows com-
mensurability with the static Q1 modulation, as evi-
denced by the Q1/Q
surf
2 ratio varying from 3 to 2 over
a range of 130 K. (ii) The evolution of Q1/Q
surf
2 exhibits
a possible transient lock-in behaviour when the wave-
length of the Qsurf2 modulation is commensurate with the
orthorhombic lattice: 2pi/Qsurf2 =n × b∗, with n ranging
from 12 to 8, as marked by red arrows in Fig. 4(a) (see
also Supplementary Note 2 for a more extended discus-
sion). A similar albeit more pronounced behaviour has
been observed for charge-stripe order in La2NiO4+δ from
neutron scattering [48]. (iii) In analogy to what was
reported for manganites [49], the continuous evolution
of incommensurate wavevectors over a wide temperature
range hints at competing instabilities, which can lead to
a soft electronic phase. (iv) Finally, the fact that at low-
temperature (LT) also Qsurf,LT2 'Qbulk2 indicates a direct
connection between the bulk and surface modulations.
We have succeeded to reproduce the details of the
observed CDW instability and its temperature evolu-
tion using a twofold analysis (detailed in Supplemen-
tary Notes 2 and 3) involving: (i) the evaluation of the
electronic susceptibility [through the zero-temperature,
zero-frequency Lindhard function χ(Q,Ω=0)]; and (ii) a
mean-field Ginzburg-Landau model based on an ad-hoc
phenomenological free-energy functional F [ρ], typical of
that applied to CDW systems. The electronic suscepti-
bility χ(Q,Ω=0) has been calculated for various doping
levels starting from an electronic structure comprised of
main, shadow, and Q1-folded bands [see Fig. 4(b)] and is
shown for p= 0.12, 0.14, and 0.16 in the right-hand side
panel of Fig. 4(a). Two peaks occur in the susceptibility
along the K∗ direction in reciprocal space at QK∗ =0.095
and 0.140 A˚
−1
for p= 0.12, closely matching the Q2 su-
permodulation vectors for UD15K. This allows associat-
ing Qsurf,HT2 'Q1/3 and Qsurf,LT2 'Q1/2 with nodal and
antinodal Fermi surface nesting, i.e. Qsurf,HT2 = Q
N
K∗ =
0.095 and Qsurf,LT2 =Q
AN
K∗ = 0.140A˚
−1
[these denomina-
tions designate the region in k-space where bands over-
lap maximally, as pictorially shown in Fig. 4(c,d)]. These
nesting instabilities are very sensitive to the hole doping,
especially for the steeper nodal dispersion; for p = 0.14
and 0.16 the nodal peak abruptly vanishes, while the
antinodal is split – and therefore ceases to be commen-
surate to Q1 – and gradually reduced and broadened to-
wards optimal doping, yielding a progressively less pro-
nounced instability. These findings qualitatively explain
the experimentally-observed progressive weakening of the
features associated with Q2 as hole doping is increased
(discussed in Supplementary Note 1). Ultimately, this
establishes the specific high- and low-temperature values
observed for the surface CDW modulation on UD15K,
Qsurf,HT2 and Q
surf,LT
2 , to be associated with competing
Fermi surface nesting instabilities of the Q1-modulated
orthorhombic crystal structure. Most importantly, this
identifies the temperature dependent Q2 surface CDW as
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FIG. 4: Q2 mean-field theory and nesting effects in the electronic susceptibility. (a, main panel) Temperature
evolution of the Q1/Q
surf
2 wavevector magnitude ratio (black dots), as inferred from the LEED data in Fig. 2, compared to
the evolution of the mean-field predicted wavevector that minimizes the free energy (Supplementary Note 2); red arrows mark
those wavevectors at which the modulation associated with Q2 becomes commensurate with the underlying orthorhombic lattice
Q2=(2pi/b
∗)/n, for various values of n. The colored curves illustrate the effect of increasing VB, showing how the bulk structure
can pin the CDW and suppress the temperature dependence of Q2. (a, side panel) Calculated electronic susceptibility χ(Q),
cut along the K∗ direction in reciprocal space, for p=0.12 (red), 0.14 (blue) and 0.16 (green). (b) Cartoon of the Fermi surface
modeling used in the calculation of χ(Q); orange traces mark the Fermi surfaces involved in the nesting mechanism (M + Q1
and S−Q1). (c,d) Schematics of the antinodal and nodal nesting instabilities, which connect the main (M, black trace) band
with M + Q1 and S−Q1 (orange traces), respectively. The resulting nesting vectors Qsurf,LT2 and Qsurf,HT2 are represented by
the thick red connectors, while the corresponding Q2-derived Fermi surfaces are shown in dashed red.
a phenomenon limited to the underdoped regime, near
1/8 doping, consistent with our experimental observa-
tions.
As for the origin of the observed temperature de-
pendence, the evolution of Q1/Q
surf
2 (ratio of wavevec-
tor magnitude) is well captured by a phenomenological
Ginzburg-Landau description based on the minimization
of the surface free energy functional F [ρ], and is thus con-
sistent with an incipient CDW instability at the surface.
This is shown by the comparison of LEED and theoret-
ical results (red trace) for the evolution of Q1/Q
surf
2 in
UD15K, shown in Fig. 4(a). Commensurability to the
susceptibility peaks (Q1/Q
surf
2 = 2 and 3) underpins the
low- and high-temperature limits, while the free energy
F [ρ], in absence of a bulk potential, provides a mod-
eling of the surface, and accounts for the temperature
dependence of the Q2 wavevector. In Ginzburg-Landau
mean-field theory, this can be understood as a conse-
quence of the temperature dependent harmonic content
of a non-sinusoidal CDW (see Supplementary Note 2 and
Supplementary Discussion for more on this point), which
here coincides with the Q1/Q2 commensurability effects.
In our Ginzburg-Landau description we can also in-
clude the effect of the bulk potential VB associated
with the ‘static’ Qbulk2 modulation as determined by
X-ray diffraction (VB = |VQ2 |, with VQ2 as defined
in Supplementary Note 2). As shown by the simu-
lated colored traces in Fig. 4(a), incorporating this po-
tential progressively causes the CDW to lock in to
the bulk structural modulation wavevector Qbulk2 =
Q1/2 at VB ∼ 3.0, thus suppressing the temperature-
dependence. The two regimes VB=0 and VB>3 represent
the temperature-dependent-surface and temperature-
independent-bulk limiting cases, providing agreement
with the results of ARPES-LEED on the surface and
XRD-REXS for the bulk. Intermediate values of VB de-
scribe the subsurface region, which shows a CDW with
reduced dependence on temperature, and instability to-
wards first-order lock-in transitions to the Qbulk2 wavevec-
tor [see dashed traces in Fig. 4(a)].
In conclusion, the temperature dependent evolution
of the CuO2 plane band dispersion and Q2 superstruc-
ture on the highly-ordered Bi2201 surface can be un-
derstood to arise from the competition between nodal
and antinodal Fermi surface nesting instabilities, which
give rise to a dynamic, continuously evolving wavevec-
tor. This also indicates that such a remarkable electron-
lattice coupling is directly related to the ordinary, static
Q1 superstructure – as a necessary precursor to Fermi
surface nesting at the low- and high-temperature Qsurf2
– and giving rise to commensurability effects. Since
the nodal nesting-response is very sensitive to the hole-
doping, this also explains why the surface temperature-
dependence disappears towards optimal doping. This es-
tablishes the importance of surface-enhanced CDW nest-
ing instabilities in underdoped Bi-cuprates, and reveals
a so-far undetected bulk-surface dichotomy. The latter
is responsible for many important implications, such as
the temperature-dependent volume change of all appar-
ent Fermi surface pockets in ARPES, and could play a
hidden role in other temperature-dependent studies.
7METHODS
Sample preparation. For this study we used two
underdoped (x = 0.8, p ' 0.12, UD15K and x = 0.6,
p ' 0.14, UD23K) and one optimally doped (x = 0.5,
p ' 0.16, OP30K) Bi2Sr2−xLaxCuO6+δ single crystals
(p is the hole doping per planar copper away from
half-filling). The superconducting Tc =15, 23, and 30 K,
respectively, were determined from in-plane resistivity
and magnetic susceptibility measurements. For UD15K
we found T ∗ ' 190 K, based on the onset of the devi-
ation of the resistivity-versus-temperature curve from
the purely linear behavior observed at high temperatures.
ARPES and LEED experiments. ARPES mea-
surements were performed at UBC with 21.2 eV photon
energy (HeI), and at the Elettra synchrotron BaDElPh
beamline with photon energy ranging from 7 to 41 eV.
In both cases the photons were linearly polarized and
the polarization direction – horizontal (p) or vertical
(s) – could be varied with respect to the electron emis-
sion plane. Both ARPES spectrometers are equipped
with a SPECS Phoibos 150 hemispherical analyzer;
energy and angular resolution were set to 6-10 meV and
0.1◦. The samples were aligned by conventional Laue
diffraction prior to the experiments and then mounted
with the in-plane Cu-O bonds either parallel or at 45◦
with respect to the electron emission plane. LEED
measurements were performed at UBC with a SPECS
ErLEED 100; momentum resolution was set to 0.01 A˚−1
by using a low electron energy of 37 eV, at which value
the signal intensity reaches a maximum. During the
LEED measurements, the samples were oriented with
the orthorhombic b∗-axis vertical in reference to the
camera, and rotated by 7 ◦ in the horizontal plane to
detect more spots. For both LEED and ARPES, the
samples were cleaved in situ at pressures better than
5×10−11 torr. The detailed temperature-dependent
experiments were performed on the UBC ARPES
spectrometer, which is equipped with a 5-axis helium-
flow cryogenic manipulator operating between 2.7 and
300 K. The ARPES (LEED) data were acquired at
0.5 frame/sec (30 frame/sec), while the sample was
cooled at a continuous rate of 0.1 K/min (1 K/min). The
ARPES (LEED) data were averaged over 1,500 (5,400)
images, resulting in ARPES spectra (LEED curves)
with a temperature precision of 5 K (3 K). The higher
temperature accuracy achieved in LEED stems from its
tenfold signal-to-noise ratio as compared to ARPES.
Light scattering experiments. Resonant elastic soft
X-ray measurements were taken using a 4-circle diffrac-
tometer at the REIXS beamline at the Canadian Light
Source, working at the O-K (Eph ∼ 530 eV), La-M4,5
(Eph ∼ 836 eV) and Cu-L2,3 (Eph ∼ 930 eV) absorp-
tion edges. Hard X-ray scans were performed using a
psi-8 diffractometer (8-circle) at the Mag-S beamline at
BESSY, working at the Cu-K (Eph ∼ 8.9 keV) and Bi-L3
(Eph ∼ 13.2 keV) deep edges. Both soft and hard X-ray
scattering measurements were performed in the temper-
ature range 15-300 K. X-ray diffraction reciprocal space
maps were acquired using an Agilent Technologies Super-
Nova A diffractometer. The data were collected at 300 K
and 100 K using Mo-Kα and Cu-Kα radiation, respec-
tively. The excitation energies used for these experiments
correspond in turn to approximate attenuation lengths α
of ∼ 150 nm (Cu-L2,3), 6µm (Cu-K ) and 12µm (Mo-
Kα). In all cases samples were pre-oriented using Laue
diffraction and mounted b∗ and c axes in the scattering
plane. In order to expose an atomically flat (001) sur-
face, in- and ex- situ cleaving procedures were adopted
for soft and hard X-ray measurements, respectively.
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